OBJECTIVES: The aim of this study was to report a single referral centre experience in robotic extended thymectomy for clinical earlystage thymomas, evaluating its safety, feasibility and efficacy, with special regard to oncological outcomes.
INTRODUCTION
Thymoma represents a rare tumour of the thymic gland, with a typical slow growth, associated with a spreading by local extension to the pleura, pericardium or diaphragm, although extrathoracic metasteses are uncommon [1] . The complete resection of thymoma en-bloc, with all thymic and peri-thymic tissue is the main intent of surgery, which represents the best opportunity of cure. A recent review reported that the 5-year overall survival rates of patients with Stage I or II thymoma, who underwent surgical resection, ranged from 89 to 100% and 71 to 95%, respectively [2] . However, some criticisms with regard to the surgical approaches still remain. Over the last decades, video-assisted thoracoscopic surgery (VATS), and more recently robot-assisted surgery, has been introduced in the thoracic field. These minimally invasive approaches have frequently been described for treatment of benign diseases of the mediastinum or for thymectomy in cases of myasthenia gravis (MG) [3] [4] [5] [6] [7] [8] . However, with regard to thymomatous disease, few published data are available describing the outcomes of minimally invasive approaches, which still remain controversial. Thus, after long experience with robotic surgery, we decided to apply this approach for thymectomy in patients with a clinical early-stage thymoma. The main aim of this study was to assess the safety and the feasibility of robotic thymectomy for an early-stage thymoma. The secondary aim was the evaluation of the oncological outcomes.
MATERIALS AND METHODS
We retrospectively reviewed all patients undergoing robotic thymectomy for clinical early-stage thymoma at the University of Pisa. The Institutional Review Board approved the study. All patients signed a detailed informed consent.
Age, gender, presence of MG, comorbidities were recorded for each patient. MG was stratified according to the Myasthenia Gravis Foundation of America (MGFA) classification [9] . Comorbidity scores were recorded using the Adult Co-Morbidity Evaluation scoring system (ACE-27). In addition, the operative time (defined as the time between skin incision and skin closure), docking time (defined as the time necessary for surgical cart positioning and robotic arms placement in the surgical field), conversion rate, morbidity and mortality were recorded. The safety assessment included identification of treatment-related complications. These were those occurring within 30 days of treatment. Complications were stratified according to the Clavien-Dindo classification [10] . The Masaoka staging system was used to define clinical and pathological stage of the thymoma [11] , whereas the new World Health Organization classification was used for histological classification [12] .
Robotic system
The da Vinci TM Robotic System (Surgical Intuitive, Sunnyvale, CA, USA) consists of a master console, a computer controller and a three-arm surgical manipulator with fixed remote centre kinematics connected via electrical cables and optic fibres. The master console was connected to a surgical manipulator with instrument arms and an endoscope arm. The endoscope (12 mm in diameter) consisted in two separate 5 mm high-resolution cameras that showed two separate images. Specific robotic surgical instruments were introduced through special ports (8 mm) and attached to the arms of the robot. The movements of surgeon's hand are transmitted to the tips of the robotic instruments.
Surgical technique
All patients underwent general anaesthesia with double-lumen intubation. The patient was positioned left side up at 30°. The first incision was generally performed in the fifth intercostal space at the anterior-axillary line. Thus, the camera was inserted to explore the chest cavity, and CO 2 was inflated (ranging between 4 and 8 mmHg) to enlarge the operating space and safely perform the other port incisions: at the anterior-axillary line at the third intercostal and at the fifth intercostal space at the mid-clavicular line (Fig. 1 ). The right arm had a Spatula (EndoWrist; Intuitive Surgical) with electric cautery function to perform dissection, whereas the left arm had a Cadiere forcep (EndoWrist; Intuitive Surgical), an atraumatic instrument for grasping the normal thymus. The 30°scope permitted an excellent visualization of normal thymic tissue and thymoma's capsule. The normal thymic tissue and peri-thymic fat were used for grasping and for traction of the tumour, avoiding the direct manipulation of the tumour, to minimize the risk of a capsule damage.
After inspection of the thymus gland and individuation of the thymoma, the dissection generally started from inferiorly, first from the left side, at the pericardiophrenic angle. Then it continued on the right side, from the retrosternal area, finding the right mediastinal pleura and the right phrenic nerve, permitting a safe dissection of the right inferior horn under direct vision of the nerve. Consequently, the dissection continued upward to the neck until the superior horns were identified. The thymic veins were identified, and separately clipped. The lesions were removed with Endoscopic Pouches (Inzii TM , Applied Medical) from the cavity through the port incision in the mid-axillary region. If necessary, the incision was enlarged (3 cm maximum). No additional utility incision was used. A drainage tube was inserted, generally 32Ch. All thymus and perithymic fat was dissected, according to the Masaoka criteria [13] , and the completeness of the thymectomy was assessed by macroscopic inspection of the thymic bed and specimen (Figs 2 and 3) .
Follow-up
The clinical and radiological follow-up was performed at our consulting room. It consisted of physical examination and CT scan imaging at 3, 6 and 12 months after surgery, and then every year. The patient affected by MG also underwent neurological evaluation and dosage of acetylcholine receptor antibodies.
Statistical analysis
Statistical analysis was performed using Statistica software version 7.0 for PC (Stat-Soft, Inc., Tulsa, OK, USA). Statistical analysis was expressed in terms of frequency, mean and range. Disease-free survival was defined as the time from surgery to the first diagnosis of recurrence. The overall survival was defined as the period of time from treatment to death or last follow-up. 
RESULTS
We operated on eight males and six females, with a mean age of 65.2 years, ranging between 23 and 81. One patient suffered from MG, class I according to the MGFA clinical classification. The most important comorbidities are summarized in Table 1 . The ACE-27 score resulted Grade 0 in five cases, Grade 1 in five cases, Grade 2 in two cases and Grade 3 in two cases. The mean operative time was 139 min, ranging between 85 and 180. The mean docking time was 6.5 min, ranging between 5 and 15 min. No intra-operative complications occurred, nor vessel or nerve injury. No mortality occurred. In two cases, an unexpected degree of tumour invasion, which was not evident at the preoperative CT scan, was macroscopically observed during thoracoscopic inspection. In one case, the tumour was infiltrating the pericardium infiltration, thus, according to our policy, conversion to open surgery was performed. Histopathological examination confirmed the pericardium infiltration (Stage III). In the other case, the tumour seemed to infiltrate the pericardium at thoracoscopic inspection, but after conversion to open approach, the lesion resulted only adherent to the pericardium. These two cases occurred at the beginning of our experience, and were excluded from the survival analysis. Morbidity (Grade II complications according to Clavien-Dindo classification) occurred in two patients, due to pleural effusion treated and resolved with medical therapy. The mean chest drainage duration was 1.6 days (range 1-3). The mean post-operative stay was 4.0 days (range 3-5). Most of the patients were fit for discharged on third post-operative day, but stayed longer for social reasons (i.e. long distance from home). The mean size of the thymomas was 3.3 cm (range 1.4-4.5 cm). The Masaoka stages were I in seven cases, IIA in four cases, IIB in two cases and III in one case ( pericardium infiltration). The WHO classifications were: A in two cases, AB in four cases, B1 in three cases, B2 in two cases and B3 in three cases. Five patients underwent adjuvant radiotherapy. Two patients refused it.
No patient was lost at follow-up. At the time of analysis (mean follow-up 14.5 months, range 1-98), no patients had local or pleural disease recurrence. For the patient affected by MG, at the time of analysis, the MGFA change in status results improved.
DISCUSSION
The open surgical approach was generally accepted as a gold standard for resection of thymoma [3] [4] [5] . However, over the last decades, both thoracoscopic and, more recently, robotic approaches have been introduced into the thoracic field and also applied for thymectomy. Several data were published regarding minimally invasive thymectomy for MG, reporting interesting outcomes, emphasising less operative trauma, the shorter hospital stay, preserved pulmonary function and cosmetic results [8, [14] [15] [16] . With regard to neurological outcomes, Cakar et al. [17] demonstrated that robotic thymectomy provides at least the same positive effect as open transsternal thymectomy, whereas Ruckert et al. [18] reported an improved outcome for the robotic thymectomy in respect to thoracoscopic thymectomy.
Although these are encouraging data, few studies have been published for minimally invasive treatment of thymoma. Since 1992, some papers have attested to the possibility of performing thymectomy for Masaoka Stage I and II thymomas with VATS [3, 4, 19] . Moreover, although the first paper describing the robotic resection of a Masaoka Stage I thymoma was published by Yoshino et al. in 2001 [20] , few data focusing on the robotic approach for thymoma exist. Thus, we want to retrospectively report our experience on robotic thymectomy for treatment of clinical early-stage thymomas.
After an initial training phase, necessary to improve our skill with the master console and robotic instrumentations, and as we gained experience with the removal of mediastinal lesions, we reasoned that the utilization of CO 2 inflation and 30°scope permit an excellent visualization of the mediastinal field, of all thymic and peri-thymic tissue and thymoma's capsule. Additionally, the articulation of the tip of the robotic instrument inside the chest cavity allows the surgeon to operate around corners and in the remote areas, such as the neck. These facts have led us to evaluate the robotic approach for well-capsulated thymomas.
In our study, the mean docking time and the mean operative time were adequately low. Unfortunately, there is no comparable paper solely focusing on robotic thymectomy for thymoma. Bodner et al. [21] and Savitt et al. [22] reported a similar operative time on a heterogeneous series of resections of mediastinal lesions, including thymomas. However, the operative time resulted similar with those reported in other studies for robotic thymectomy in the case of MG [8, 14] , and for VATS thymectomy in the case of thymoma [23, 24] . Moreover, in our series, the morbidity rate resulted low and comparable with the 6-10% reported for robotic thymectomy for MG [8, 14] . Agasthain et al., on a large series of VATS thymectomies, reported one case of phrenic nerve injury, which, however, was not observed in other papers [14, 24, 25] , nor in this study. Nevertheless, with regard to oncological outcomes, some criticisms of minimally invasive approaches still exist. First, the possibility of tumour spreading into chest cavity was reported in some papers [3] . Agasthian et al. [25] reported a local recurrence rate of 3.4% in patients who underwent VATS thymectomy for thymoma, while two recent papers compared the VATS and the open approaches for thymomas. Cheng et al. [24] observed no local or pleural disease recurrence for Stage II thymoma, either in the open or in the VATS groups, and similar results were published by Pennathur et al. [25] in a larger comparative study, reporting no significant difference in disease recurrence and overall survival between the two groups. In our small series, even if the follow-up period is short, we observed no local or pleural recurrence. We believe that the robotic system facilitates the individuation of thymoma capsule and normal thymic tissue, allows safe manipulation. Nevertheless, an important factor that affected the success of minimally invasive approach is probably represented by the dimension of the lesion. In our series, the mean thymoma dimension was 3.3 cm, similar to those reported in the above-mentioned comparative studies for the VATS approach [24, 25] . However, the indolent nature of thymomatous disease requires a long follow-up, 10 years, in order to evaluate survival and disease-free rate, thus further multi-institutional studies, on larger series, are necessary.
In addition, with regard to the robotic approach, an important criticism is represented by the cost (cost of robotic system, of annual maintenance and of the disposable materials). At our department, this problem was in part resolved with a multidisciplinary organization of the dedicated 'robotic' operating theatre, which is utilized by different surgical divisions during the week.
The present study has some limitations, including its retrospective nature, which may have resulted in a selection bias. Moreover, the study sample was small, with a short follow-up period. However, this is an initial experience, resulting from gained skill in robotic surgery for mediastinal lesions, and the main aim was to analyse the safety and the technical feasibility of the robotic approach for early-stage thymomas.
In fact, few data regarding the robotic approach focusing on thymoma are published, and our small series is the largest one to our knowledge. However, this preliminary study demonstrates the safety and feasibility of robotic thymectomy for thymoma, with no mortality, low morbidity and no nerve or vessel injury. Nevertheless, it is hoped that randomized multi-institutional trials with long follow-up will be designed to compare the transsternal and robotic approaches and evaluate the oncological outcomes.
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